Adequate iron supply during pregnancy is essential for fetal development. However, how fetal or amniotic fluid iron levels are regulated during healthy pregnancy, or pregnancies complicated by intraamniotic infection or inflammation (IAI), is unknown. We evaluated amniotic fluid and fetal iron homeostasis in normal and complicated murine, macaque, and human pregnancy. In mice, fetal iron endowment was affected by maternal iron status, but amniotic fluid iron concentrations changed little during maternal iron deficiency or excess. In murine and macaque models of inflamed pregnancy, the fetus responded to maternal systemic inflammation or IAI by rapidly upregulating hepcidin and lowering iron in fetal blood, without altering amniotic fluid iron. In humans, elevated cord blood hepcidin with accompanying hypoferremia was observed in pregnancies with antenatal exposure to IAI compared with those that were nonexposed. Hepcidin was also elevated in human amniotic fluid from pregnancies with IAI compared with those without IAI, but amniotic fluid iron levels did not differ between the groups. Our studies in mice, macaques, and humans demonstrate that amniotic fluid iron is largely unregulated but that the rapid induction of fetal hepcidin by inflammation and consequent fetal hypoferremia are conserved mechanisms that may be important in fetal host defense.
Introduction
In healthy humans and animals, iron in plasma is bound to the carrier protein transferrin (TF). When iron supply to plasma increases, such as in iron overload disorders or with iron supplementation, or when iron utilization decreases, such as with erythropoietic suppression, TF may become saturated, causing "free" or non-TF-bound iron (NTBI) to appear in circulation (1) . In humans, NTBI is detectable in amniotic fluid and fetal serum during the first trimester (2) and the beginning of the second trimester (3), when TF levels are low, but is expected to decrease with gestational age (4) , as TF concentration increases in amniotic fluid (5, 6) Unlike iron-TF, NTBI is highly reactive, has the potential to catalyze the generation of reactive oxygen species in both the extracellular fluid and tissues in which it is taken up (7) , and promotes the rapid growth of Gram-negative bacteria (8) .
Since humans and animals cannot excrete excess iron, mechanisms have evolved to prevent iron accumulation and minimize the potential for oxidative damage or spread of certain infections. Hepcidin, a peptide hormone produced in the liver, regulates plasma iron levels and tissue iron distribution (9) by occluding ferroportin, the hepcidin receptor and only known iron exporter, and causing its degradation. In turn, this results in iron sequestration in target cells and decreased iron transport into plasma (10, 11) . Hepcidin is feedback regulated by iron concentrations and erythropoietic activity and potently induced by inflammation (12) (13) (14) (15) (16) .
Adequate iron supply during pregnancy is essential for fetal development. However, how fetal or amniotic fluid iron levels are regulated during healthy pregnancy, or pregnancies complicated by intraamniotic infection or inflammation (IAI), is unknown. We evaluated amniotic fluid and fetal iron homeostasis in normal and complicated murine, macaque, and human pregnancy. In mice, fetal iron endowment was affected by maternal iron status, but amniotic fluid iron concentrations changed little during maternal iron deficiency or excess. In murine and macaque models of inflamed pregnancy, the fetus responded to maternal systemic inflammation or IAI by rapidly upregulating hepcidin and lowering iron in fetal blood, without altering amniotic fluid iron. In humans, elevated cord blood hepcidin with accompanying hypoferremia was observed in pregnancies with antenatal exposure to IAI compared with those that were nonexposed. Hepcidin was also elevated in human amniotic fluid from pregnancies with IAI compared with those without IAI, but amniotic fluid iron levels did not differ between the groups. Our studies in mice, macaques, and humans demonstrate that amniotic fluid iron is largely unregulated but that the rapid induction of fetal hepcidin by inflammation and consequent fetal hypoferremia are conserved mechanisms that may be important in fetal host defense.
During pregnancy, iron is critical for the development of the fetus and placenta and for maternal erythropoietic expansion (17, 18) . To accommodate these changes, maternal hepcidin is suppressed to nearly undetectable levels in the second and third trimesters (19) (20) (21) (22) ; this is thought to facilitate increased dietary iron absorption, release of iron from stores, and iron transfer to the fetus (23) . Thus, inappropriately elevated maternal hepcidin, as would be expected during inflammation, could be detrimental by compromising iron availability for placental uptake and transfer to the fetus.
In addition to maternal hepcidin, fetal hepcidin could also determine placental iron transfer during pregnancy because ferroportin is localized on the basal side of placental syncytiotrophoblast, facing fetal circulation (24, 25) . Indeed, a transgenic mouse model of hepcidin overexpression confirmed that fetal hepcidin is capable of regulating placental ferroportin, causing severe fetal iron deficiency and decreased viability (26, 27) . Under normal physiological conditions, endogenous fetal hepcidin expression is low (26, 27) and does not affect iron transfer across the placenta (22) . However, certain clinical conditions, such as intraamniotic infection or inflammation (IAI), can induce fetal hepcidin (28) . Whether hepcidin regulates iron homeostasis in amniotic fluid and fetal blood has not been explored.
Here, we evaluated amniotic fluid and fetal iron homeostasis in normal and complicated murine, rhesus macaque, and human pregnancy. We found that amniotic fluid iron was not strongly regulated by fetal hepcidin or by maternal iron status but that fetal plasma iron during inflammation or infection was regulated by fetal hepcidin, which may be an important protective mechanism for fetal host defense.
Results
Effect of maternal iron status on fetal and amniotic fluid iron homeostasis in mice. To evaluate amniotic fluid iron homeostasis during normal pregnancy, we compared amniotic fluid iron levels during normal mouse gestation from E12.5 to E18.5. Iron concentrations in amniotic fluid were similar between E12.5 and E16.5 and increased sharply before term at E18.5 (P < 0.001) ( Figure 1A ). We next determined how changes in maternal iron status alter iron concentrations in fetal serum and amniotic fluid by comparing E18.5 iron-replete pregnancies (those with normal iron stores) to iron-deficient (diet-induced) and iron-loaded (hepcidin knockout) pregnancies. We confirmed changes in maternal iron status by showing that serum iron concentrations were lower in iron-deficient dams and higher in iron-loaded dams compared with iron-replete controls and that liver iron concentrations were increased in iron-loaded dams (Table 1) . Hemoglobin, hematocrit, mean corpuscular volume, and mean corpuscular hemoglobin were all lower in iron-deficient dams and higher in iron-loaded dams compared with iron-replete controls ( Table 1) .
In fetal serum, iron concentrations were lower with maternal iron deficiency and higher with maternal iron overload compared with those from iron-replete mothers (Figure 1B) (both P < 0.001). Compared with fetal serum, iron concentrations in amniotic fluid were relatively spared from changes in maternal iron status ( Figure 1C ). In all dams, fetal serum iron correlated with maternal serum iron concentrations (r = 0.846, P < 0.001) ( Figure 1D ), but amniotic fluid iron concentrations showed only weak nonsignificant correlation with maternal serum iron (r = 0.465, P = 0.110) ( Figure 1E ). Fetal serum iron strongly correlated with amniotic fluid iron (r = 0.657, P < 0.001) ( Figure 1F ).
To assess whether the fetus or amniotic fluid could be vulnerable to infection because of NTBI, we evaluated whether maternal iron status alters TF concentrations and TF saturations (TSATs) in the fetus and amniotic fluid. Comparing the 3 compartments in iron-replete mouse pregnancy -maternal serum, fetal serum, and amniotic fluid -we found the highest TF concentrations in maternal serum and lowest in amniotic fluid (P < 0.001) ( Figure 2A ). As a result, fetal serum and amniotic fluid had much higher TSAT (60%-70%) than maternal serum ( Figure 2B ) (P = 0.007).
Considering the effect of maternal iron status on maternal iron parameters, TF concentrations were similar between iron-deficient, iron-replete, and iron-loaded dams ( Figure 2C ). As expected, maternal serum TSAT was lower with iron deficiency (P = 0.023) and higher with iron overload (P < 0.001) ( Figure  2D ), reflecting changes in serum iron (Table 1 ).
In fetal serum ( Figure 2 , E and F), TSAT was lower in iron-deficient pregnancy (P < 0.001) due to low serum iron concentrations ( Figure 1B ). TSATs were similar between iron-loaded and iron-replete groups, despite the difference in fetal serum iron ( Figure 1B) , because of increased fetal TF levels in iron-loaded pregnancy (P < 0.001).
In amniotic fluid, TF levels were slightly lower in iron-deficient and iron-loaded pregnancy compared with iron-replete pregnancy (both P = 0.02) ( Figure 2G ), but TSAT was relatively high in all the groups, particularly in the iron-loaded group (P = 0.012) ( Figure 2H ). Our data demonstrate that, in mouse pregnancy, amniotic fluid iron concentrations are less affected by maternal iron status than fetal serum iron. Although amniotic fluid iron concentrations are relatively low, TSAT of the fluid is high, a condition known to be associated with the presence of NTBI. Fetal serum also had high TSAT under iron-replete conditions, increasing the risk of NTBI generation.
Effect of maternal systemic inflammation on fetal iron homeostasis in mice. Fetal hepcidin expression can be induced by IAI (28) , but whether fetal hepcidin can regulate iron homeostasis in the amniotic fluid or fetal circulation is unknown. We evaluated the contribution of fetal hepcidin to the fetal and amniotic iron homeostasis in the presence of maternal inflammation. We induced systemic maternal inflammation in mice by injecting pregnant, iron-replete WT dams with a single subcutaneous dose of LPS on E15.5 (~80% gestation) for 6 or 24 hours. As expected, LPS treatment induced mRNA expression of inflammatory marker serum amyloid A-1 (Saa-1) in maternal liver (P < 0.001) ( Figure 3A ). Furthermore, LPS treatment transiently induced maternal hepatic hepcidin (Hamp) mRNA and maternal hepcidin protein in serum (both P = 0.001) and caused maternal hypoferremia (P < 0.001) ( Figure 3 , B-D). In response to maternal LPS treatment, fetal hepatic hepcidin expression transiently increased within 6 hours and returned to normal levels within 24 hours (P < 0.001) ( Figure 3E ). Following induction of hepcidin synthesis by the fetal liver, both fetal serum hepcidin (P < 0.001) and amniotic fluid hepcidin (P = 0.008) were elevated 24 hours after maternal LPS injection ( Figure 3 , F and G). Amniotic fluid hepcidin strongly correlated with fetal serum hepcidin (r = 0.913, P = 0.002) (Supplemental Figure 1 ; supplemental material available online with this article; https://doi.org/10.1172/jci.insight.135321DS1). However, hypoferremia occurred only in fetal serum (P = 0.005), whereas amniotic fluid iron concentrations were similar between control and LPS-injected groups (Figure 3 , H and I). Therefore, fetal hepcidin is responsive to acute inflammation, causing hypoferremia in fetal circulation but not in amniotic fluid.
Fetal iron homeostasis during IAI in rhesus macaques. We evaluated the fetal response to intraamniotic rather than systemic maternal inflammation using a rhesus macaque model of IAI. On gestational day 130 (80% of the duration of pregnancy), pregnant dams received a single intraamniotic injection of LPS for 16 hours or Ureaplasma for 3 days. In these models with intraamniotic injections, the inflammation is largely localized to the intrauterine compartment, including the fetus (29, 30) . To evaluate maternal systemic inflammation, we measured cytokines TNF-α, MCP-1, IL-1β, and IL-6 in maternal plasma (Figure 4 , A-D). We did not detect increases in any cytokines with LPS injection and, with Ureaplasma infection, only MCP-1 was elevated (P = 0.005). Consistent with the lack of significant increases in cytokines, we did not detect any changes in maternal plasma hepcidin or iron with intraamniotic LPS or Ureaplasma ( Figure 5 , A and D).
In rhesus macaque cord blood plasma, following intraamniotic LPS injection, we detected increased TNF-α (P = 0.016), MCP-1 (P < 0.001), IL-1β (P < 0.001), and IL-6 (P = 0.002) (Figure 4 , E-H). In amniotic fluid, LPS similarly induced TNF-α (P = 0.003), MCP-1 (P = 0.002), IL-1β (P = 0.003), and IL-6 (P = 0.002) (Figure 4 , I-L), confirming that inflammation was restricted to the fetal compartment. Iron and hematological parameters of E18.5 pregnant iron-deficient WT dams (fed low-iron diet), iron-replete WT dams (fed standard diet), and iron-loaded hepcidin knockout dams (fed standard diet). Data are presented as mean ± SD. Hb, hemoglobin; HCT, hematocrit; MCV, mean corpuscular volume; MCH, mean corpuscular hemoglobin. Statistical differences between groups were determined by 1-way ANOVA followed by Holm-Sidak method for multiple comparisons.
Furthermore, LPS strongly induced fetal hepcidin in cord blood plasma and amniotic fluid (both P = 0.001) ( Figure 5 , B and C). Similar to that in mice, amniotic fluid hepcidin strongly correlated with cord blood hepcidin in rhesus macaques (r = 0.992, P < 0.001) (Supplemental Figure 2 ). Induction of fetal hepcidin by intraamniotic LPS resulted in profound hypoferremia in cord blood plasma (P < 0.001) but not amniotic fluid ( Figure 5 , E and F). Cord blood plasma hepcidin correlated with cord blood cytokines TNF-α (r = 0.731, P = 0.003), MCP-1 (r = 0.739, P = 0.003), IL-1β (r = 0.809, P < 0.001), and IL-6 (r = 0.808, P < 0.001) (Supplemental Figure 3 , A-D). Amniotic fluid hepcidin correlated with amniotic fluid cytokines TNF-α (r = 0.910, P < 0.001), MCP-1 (r = 0.906, P < 0.001), IL-1β (r = 0.723, P = 0.003), and IL-6 (r = 0.622, P = 0.018) (Supplemental Figure 3 , E-H). We did not detect any changes in iron, hepcidin, or cytokines in cord blood plasma or amniotic fluid with intraamniotic Ureaplasma infection. Thus, similar to the mouse model, fetal hepcidin in rhesus macaques was induced by acute inflammation, causing hypoferremia in fetal circulation, without altering iron concentrations in amniotic fluid.
Amniotic fluid and cord blood iron homeostasis in healthy and complicated human pregnancy. We next evaluated amniotic fluid iron and hepcidin in human pregnancies associated with IAI. All samples were collected at amniocentesis before 32 weeks of gestation ( Table 2 ). The samples were eventually analyzed in the following 4 groups: pregnancies with IAI and with preterm delivery (PosIAI/PTB, n = 72), pregnancies without IAI and with preterm delivery (NegIAI/PTB, n = 22), pregnancies without IAI and with term delivery (NegIAI/TB, n = 20), and pregnancies without IAI but with maternal systemic inflammatory response For D and E, maternal serum iron was correlated to the litter average for fetal serum iron or amniotic fluid iron. Statistical differences between groups were determined by 1-way ANOVA on ranks followed by Dunn's method for multiple comparisons (as indicated by #). The number of animals is indicated above the box plot for each panel.
syndrome (SIRS) and term delivery (NegIAI/TB/SIRS, n = 10). Adjusting for gestational age, amniotic fluid hepcidin was significantly different between the groups (P = 0.008) and was higher in those positive for IAI and lower in those without IAI ( Table 2 ). Amniotic fluid IL-6 was also elevated in the PosIAI/PTB group (P < 0.001) ( Table 2 ). Despite differences in hepcidin, amniotic fluid iron concentrations were similar between all the groups (Table 2 ). Furthermore, TSAT remained under 20% in all the groups ( Table 2) .
Although iron is not regulated by inflammation or infection in human amniotic fluid, we next addressed whether the human fetus can upregulate its own hepcidin during inflammation to regulate iron homeostasis in fetal blood. To address this question we used a separate cohort, where umbilical vein cord blood plasma was sampled at delivery from singleton preterm human fetuses (<34 weeks of gestation) with or without antenatal exposure to IAI, as determined by elevated IL-6 in cord blood plasma (P < 0.001). In this cohort we confirmed that exposure to IAI resulted in elevated fetal hepcidin and IL-6 in cord blood plasma (both P < 0.001) ( Figure 6, A and B) . Coinciding with elevated hepcidin in circulation, exposure to IAI also resulted in lower cord blood plasma iron concentrations and lower TSAT compared with those in healthy fetuses (P < 0.001 and P = 0.002) ( Figure 6, C and D) . Thus, samples from human fetuses with antenatal exposure to IAI demonstrated induction of fetal hepcidin and hypoferremia, similar to responses seen in our animal models. and TSAT from iron-deficient, iron-replete, and iron-loaded pregnancies on E18.5. Statistical differences between groups were determined by 1-way ANOVA for normally distributed values followed by Holm-Sidak method for multiple comparisons (as indicated by *) or 1-way ANOVA on ranks followed by Dunn's method for multiple comparisons (as indicated by #). The number of animals is reported above the box plot for each panel.
Discussion
During pregnancy, adequate delivery of iron is essential for normal development of the fetus and placenta. Moreover, tight control of iron concentrations may be protective against certain infections. However, whether fetal or amniotic fluid iron levels are regulated during healthy or complicated pregnancy has not been reported. In this study, we describe amniotic fluid and fetal iron homeostasis in healthy and complicated murine, rhesus macaque, and human pregnancy. In humans, iron concentrations in amniotic fluid were reported to be approximately 2-3 times lower than those in maternal plasma (31) (32) (33) . In non-iron-supplemented pregnant women, iron concentrations in amniotic fluid do not correlate with those in maternal blood when assessed at 17 weeks of gestation (32) . However, in iron-supplemented women in the second trimester, concentrations of iron in amniotic fluid were linearly correlated to concentrations in maternal blood (31) , suggesting that iron in amniotic fluid can be increased through iron supplementation. Using mouse models, we evaluated whether changes in maternal iron status during pregnancy alter fetal and amniotic fluid iron homeostasis. We found that, while fetal serum iron endowment was strongly dependent on maternal iron status, amniotic fluid iron was less affected by either maternal iron deficiency or excess. Compared with maternal serum from normal mouse Statistical differences between groups were determined by 1-way ANOVA for normally distributed values followed by Holm-Sidak method for multiple comparisons (as indicated by *) or 1-way ANOVA on ranks followed by Dunn's method for multiple comparisons (as indicated by #). A subset of these data was previously reported (30, 44) . The number of animals is reported on the x axis of each panel.
pregnancy, both fetal serum and amniotic fluid had relatively high TSAT, even under iron replete conditions (~60% in fetal serum/amniotic fluid vs. <20% in maternal serum). Although maternal iron overload did not significantly increase amniotic fluid iron concentrations (which were generally low), TSAT approached 100%, suggesting that maternal iron supplementation could cause the appearance of NTBI in amniotic fluid.
Under normal conditions, iron in plasma is bound to TF with very high affinity, with TSAT ranging from 20% to 50%. Although very few bacterial species can use TF-bound iron, iron availability to microbes increases when NTBI appears in circulation in iron overload diseases or with iron supplementation. In our study, compared with murine amniotic fluid TSAT of >60%, human amniotic fluid collected between 21 and 36 weeks of gestation had TSAT under 20% and human cord blood had TSAT under 40%, suggesting that there is sufficient apoTF to bind iron and decrease the risk of NTBI appearance. Several earlier studies in human amniotic fluid report inhibition of bacterial growth of E. coli, Staphylococcus aureus, and Bacillus subtilis in amniotic fluid with excess apoTF concentrations (4, 34-36), suggesting an important role of the iron-binding capacity of TF to limit iron availability to bacteria.
Inflammation has a potent effect on iron homeostasis. Known as hypoferremia of inflammation, the cytokine-driven increase in hepcidin (13) decreases iron transport into plasma, so that NTBI is not available to stimulate the growth of certain pathogenic bacteria. We investigated whether the fetus shows a hypoferremic response to inflammation in utero. In our mouse model of systemic maternal inflammation, the fetuses responded by acutely increasing mRNA synthesis of hepcidin in the liver and serum hepcidin within 6-24 hours and lowering serum iron within 24 hours. LPS treatment of pregnant mice, however, also induced iron measurements in maternal plasma, cord blood plasma, and amniotic fluid. The control group included samples taken before injection or after saline injection (there was no difference between the 2 groups). The saline group included only samples at delivery after saline injection. Statistical differences between groups were determined by 1-way ANOVA for normally distributed values followed by Holm-Sidak method for multiple comparisons (as indicated by *) or 1-way ANOVA on ranks followed by Dunn's method for multiple comparisons (as indicated by #). The number of animals is reported above the box plot for each panel.
maternal inflammation, hepcidin, and hypoferremia, raising the question of the relative contribution of fetal versus maternal inflammation to the regulation of fetal serum iron. In our rhesus macaque model of LPSor Ureaplasma-induced IAI, only fetuses, but not dams, had detectable inflammation. Nevertheless, rhesus macaque fetal hepcidin was increased and fetal plasma iron was decreased, confirming the role of fetal, rather than maternal hepcidin, in regulating fetal plasma iron levels. In both mouse and rhesus macaque models, despite detectable increases in amniotic fluid hepcidin, amniotic fluid iron was relatively low and stable, presumably because fetal iron is not exported into the fluid by the organs that contribute to amniotic fluid formation. Iron may even be absorbed from the amniotic fluid by iron transporters in the fetal intestine and possibly lung, which may be advantageous during rapid fetal growth. Hepcidin accumulation in amniotic fluid is likely a result of filtration or excretion of fetal plasma hepcidin by the kidneys. Indeed, we observed a strong correlation between fetal hepcidin and matching amniotic fluid hepcidin in mice and macaques.
Recently described as "intrauterine inflammation or infection or both (Triple I)," chorioamnionitis is a common cause of preterm birth and adverse neonatal and perinatal outcomes in humans (37, 38) . In humans, Ureaplasma is commonly isolated bacteria from amniotic fluid in the setting of preterm birth with or without clinical chorioamnionitis (39) (40) (41) , yet a significant percentage of cases with intraamniotic detection of Ureaplasma show no histological inflammation (42) . In our macaque model, we did not observe any induction in inflammatory cytokines or hepcidin in maternal plasma, cord blood plasma, or amniotic fluid when measured 3 days after intraamniotic inoculation, indicating the absence of strong inflammation in that model. However, using LPS as a stronger inflammatory stimulus, our mouse and rhesus macaque models show that both systemic inflammation and IAI stimulate hepcidin production in the fetus, which in turn lowers iron levels in fetal blood but not amniotic fluid. Although our animal models were treated with exogenous LPS, we observed a similar fetal response to IAI in human pregnancy. Human fetuses exposed antenatally to IAI had elevated cord blood plasma hepcidin levels and consequently lower plasma iron concentrations and TSAT. Amniotic fluid from human fetuses exposed to IAI showed no changes in iron concentrations, despite higher levels of amniotic fluid hepcidin. The ability of the fetus to respond to inflammatory signals by decreasing iron concentration in fetal circulation and sequestering iron away from bacteria may be an important protective mechanism during intraamniotic infections. However, with chronic inflammation, prolonged fetal hepcidin induction and hypoferremia could become detrimental by causing iron restriction in the fetus, leading to decreased iron availability to fetal tissues and possibly anemia.
Our data indicate that iron concentrations in amniotic fluid are much lower than in fetal or maternal circulation in all species examined (mice, macaques, and humans). Interestingly, although TSAT was high in mouse amniotic fluid, it was low in human amniotic fluid from the end of second and third trimester. Thus, although unregulated, low TSAT in humans indicates a low risk of NTBI generation in amniotic fluid, and this may be an important protective factor during intraamniotic infections. The rapid induction of Amniotic fluid was sampled at amniocentesis from women that presented with clinical indication of intraamniotic infection. Amniotic fluid was collected by ultrasound-guided amniocentesis from mothers that ultimately delivered preterm with intraamniotic infection (PosIAI/PTB) or without intraamniotic infection (NegIAI/PTB), mothers that ultimately delivered at term but with systemic inflammatory response syndrome (NegIAI/TB/SIRS), or healthy mothers that delivered at term (NegIAI/TB). Differences between groups were analyzed by 1-way factorial ANCOVA after adjusting for gestational age at amniocentesis. IAI, intraamniotic infection or inflammation; PTB, preterm birth; SIRS, systemic inflammatory response syndrome; TB, term birth; AF, amniotic fluid; GA, gestational age; TSAT, transferrin saturation. The values in the table are means adjusted for gestational age at amniocentesis.
A P < 0.05; B P < 0.01; C P < 0.001. P value by ANCOVA compared with PosIAI/PTB. fetal hepcidin by inflammation and consequent hypoferremia in all 3 species (mice, rhesus macaques, and humans) demonstrates a conserved mechanism that may be important in fetal host defense.
Methods
Mouse experiments. WT C57BL/6J mice were obtained from The Jackson Laboratory or bred in the UCLA vivarium. Hepcidin-1-knockout (Hamp -/-) mice were originally provided to our laboratory by Sophie Vaulont (Institut Cochin, Université Paris Descartes, Paris, France) (43) and were backcrossed to C57BL/6J mice. Mice were housed in a barrier facility under standard laboratory conditions. Unless otherwise specified, mice were maintained on a laboratory chow diet containing 185 ppm iron as ferrous carbonate (Rodent Diet 20 5053, PicoLab). This group was referred to as "iron-replete" (having normal iron stores). To model iron deficiency during pregnancy, WT mice were fed a purified low-iron diet containing 4 ppm carbonyl iron (TD.80396, Envigo-Teklad) starting at E10.5 and for the duration of pregnancy. To assess the condition of iron overload, we used Hamp -/mice, which become naturally iron loaded when fed standard chow. Iron-deficient and iron-loaded dams were compared with iron-replete WT controls fed standard chow. For these studies, samples were harvested at E18.5. Complete blood counts in maternal blood were performed using a Hemavet 950FS automated analyzer (Drew Scientific). Three to five fetuses from each litter were selected for analysis.
To induce maternal systemic inflammation, pregnant iron-replete WT mice at E15.5 (80% of term gestation) were weighed and injected subcutaneously in the interscapular area with a single dose of 0.5 μg/g LPS (E. coli serotype O55:B5, MilliporeSigma) or sterile water. At the indicated times, mice were euthanized by isoflurane overdose and tissues were collected for analysis. For these studies, fetal serum from the entire litter was pooled to generate sufficient volume for analysis.
Mouse amniotic fluid was collected by syringe from individual gestational sacs (50-100 μL per fetus) either at E16.5 (inflammation studies) or E18.5 (iron studies).
Terminology. In literature related to mouse pregnancy studies, the term "embryo" is used to define all stages of murine development in utero. However, because we studied 3 different species in this manuscript, for simplicity we used the term "fetus" for all the species, including the mouse.
Nonhuman primate studies. Adult female rhesus macaques (Macaca mulatta) were maintained at the California National Primate Research Center at the University of California, Davis (UCD). To induce IAI, time-mated pregnant rhesus macaques at 130 days gestation (80% of term pregnancy) received by ultrasound-guided intraamniotic injection either 1 mL saline for 16 hours (n = 5), 1 mg LPS (MilliporeSigma Sigma) in 1 mL saline solution (n = 5) for 16 hours, or Ureaplasma parvum serovar 1 (1 × 10 7 CFU) (n = 5) for 3 days. Some animals had maternal blood and amniotic fluid drawn before injections, and those samples were included in the control group. At the indicated times, pregnant dams were surgically delivered, and samples were collected for analysis. Infection and inflammation were confirmed histologically by the presence of neutrophil infiltration. There were no spontaneous deaths or preterm labor in all groups. Some of the animals used in this study were previously reported (30, 44) .
Human samples. We studied 124 human amniotic fluid samples from women that were tested because of clinical suspicion of IAI, independent of the research protocol. Clinical suspicion of IAI included preterm labor with contractions persistent despite tocolysis, advanced cervical dilation, and/or preterm prelabor rupture of the membranes. Gestational age at amniotic fluid sampling as well as gestational age at delivery are shown in Table 2 . In all cohorts, amniotic fluid was collected by ultrasound-guided amniocentesis. Amniotic fluid was cultured for aerobic and anaerobic bacteria, Ureaplasma urealyticum and Mycoplasma hominis. IAI was defined by positive culture or positive Gram stain. Additional clinical laboratory tests were performed to confirm or rule-out IAI. Cord blood was not available for analysis. Preterm labor was defined as the presence of regular uterine contractions and documented cervical effacement and/or dilation in patients under 37 weeks of gestation.
The amniotic fluid samples were analyzed in 4 groups: PosIAI/PTB (n = 72), NegIAI/PTB (n = 22), NegIAI/TB (n = 20), and NegIAI/TB/SIRS (n = 10).
In a separate human cohort with available cord blood but not amniotic fluid, we evaluated 60 human cord blood samples from singleton preterm infants with or without antenatal exposure to IAI. Cord blood was obtained by aseptic puncture of the clamped umbilical vein at the time of delivery (30.6 ± 2.8 weeks of gestation, range: 24.1-33.6). The fetal exposure to IAI was defined by IL-6 as previously described (38, 45, 46) .
Non-heme iron measurement. Maternal liver iron was measured as previously described (Iron-SL 157-30, Sekisui Diagnostics) (8) . Serum was obtained from maternal and fetal mouse blood by centrifugation at 2,700 g for 10 minutes. Serum iron concentration was measured by colorimetric spectrophotometry using an iron calibrator. Serum iron in mouse samples and plasma iron in human samples was measured using the Sekisui Diagnostics Iron-SL kit (catalog 157-30): 260 μL R1 reagent was added to 20 μL standard, blank, or sample. Absorbance at 595 nm (A1) was measured before adding 60 μL R2 for 5 minutes, after which absorbance at 595 nm was remeasured (A2). Plasma iron in rhesus macaque samples was measured using the Genzyme iron total kit (catalog 102-25): 150 μL R1 reagent was added to 20 μL standard (DC-Cal Se-035, Sekisui), blank, or sample. Absorbance at 560 nm (A1) was measured before adding 50 μL R2 and remeasured at 560 nm (A2) after addition of R2. Plasma, serum, or amniotic fluid iron were calculated in μM as = (Δsample A2 -A1/Δstandard A2 -A1) × standard concentration.
TF and TSAT measurement. TF concentrations in human and mouse samples were determined by ELI-SA according to the manufacturer's instructions (TF ELISA kit, Alpha Diagnostics, 1210 human, 6390 mouse). TF concentrations measured in ng/mL were converted to μM using the molecular weight of TF (~80 kDa), and total iron binding capacity (TIBC) was calculated by multiplying TF in μM by 2 to account for the 2 iron binding sites. TIBC was used in combination with serum iron measurements to calculate TSAT. TSAT (%TSAT) = (serum iron/TIBC) × 100. This method could not accurately and reproducibly determine TF concentrations in rhesus macaque samples.
Hepcidin assays. For human and rhesus macaque samples, hepcidin protein concentrations in plasma and amniotic fluid were measured by ELISA according to the manufacturer's instructions (rhesus macaque, Intrinsic Hepcidin IDx; Human amniotic fluid, DRG Diagnostics; human cord blood, Intrinsic Hepcidin IDx). Hepcidin protein concentration in mouse serum and amniotic fluid was determined by ELISA using Ab2B10 (capture) and Ab2H4-HRP (detection) antibodies provided by Amgen, and synthetic mouse hepcidin-25 was used to generate standard curves ranging from 400 to 3.2 pg/mL (47) .
Inflammation assays. In mouse studies, presence of inflammation was assessed by mRNA expression of serum amyloid A-1 (Saa-1) (48) and hepcidin (Hamp) in maternal liver. In macaque studies, concentrations of cytokines TNF-α, MCP-1, IL-1β, and IL-6 in amniotic fluid, maternal plasma, and cord blood plasma were determined by Luminex using non-human primate multiplex kits (MilliporeSigma). In human samples, concentrations of IL-6 in amniotic fluid and cord blood plasma samples were measured by ELISA (Pierce-Endogen).
Gene expression quantification by qRT-PCR. Frozen mouse liver pieces were homogenized in TRIzol Reagent (Life Technologies). Total RNA was isolated by chloroform extraction, and 1 μg RNA was reverse transcribed using the iScript cDNA Synthesis Kit (Bio-Rad). Quantitative real-time PCR was performed on cDNA using SsoAdvanced SYBER Green Supermix (Bio-Rad) on the CFX Real-Time PCR Detection System (Bio-Rad). Samples were measured in duplicate and normalized to Hprt or Rpl4 using the following primer sequences: Hprt forward 5′-CTGGTTAAGCAGTACAGCCCCAA-3′ and reverse 5′-CAG-GAGGTCCTTTTCACCAGC-3′, Rpl4 forward 5′-TGAAAAGCCCAGAAATCCAA-3′ and reverse 5′-AGTCTTGGCGTAAGGGTTCA-3′; Saa1 forward 5;-AGTCTGGGCTGCTGAGAAAA-3′ and reverse 5′-ATGTCTGTTGGCTTCCTGGT-3′, Hamp1 forward 5′-AAGCAGGGCAGACATTGCGAT-3′ and reverse 5′-CAGGATGTGGCTCTAGGCTATGT-3′. Data are expressed as 2 -ΔΔCt (housekeeping-target) .
Statistics. All data are presented as box-and-whisker plots. The box portion indicates the upper 75th and lower 25th percentile, whiskers indicate variability outside the upper 90th and lower tenth percentile, and individual points represent outliers. The solid line within the box indicates the median. Statistical analysis was performed using SigmaPlot version 12.5 (Systat Software). Statistical differences between groups were determined by 1-way ANOVA followed by Holm-Sidak for multiple comparisons for normally distributed values, 1-way ANOVA on ranks followed by Dunn's method for multiple comparisons of nonparametric values, 2-tailed Student's t test for normally distributed values, or Mann-Whitney U test for nonparametric values. Adjustment for gestational age and comparison of groups in human amniotic fluid samples was done using factorial and 1-way ANOVA (VassarStats). The number of animals in each group is indicated in the graphs. P values of less than 0.05 were considered significant.
Study approval. All animal studies were approved by the Institutional Animal Care and Use Committees at UCLA (for mouse studies) and UCD (for macaque studies) and were carried out in accordance with the Guide for the Care and Use of Laboratory Animals (National Academies Press, 2011). Human studies were approved by the Institutional Review Boards at Yale University and The Ohio State University, where the samples were collected, and all women signed informed consent.
